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Cytosolic calcium ([Ca®*],) is an important mediator of neuronal
signal transduction, participating in diverse biochemical reac-
tions that elicit changes in synaptic efficacy, metabolic rate, and
gene transcription. Excessive [Ca®*]; also has been implicated
as a cause of acute neuronal injury, although measurement of
[Ca*]; in living neurons by fluorescent calcium indicators has
not consistently demonstrated a correlation between [Ca®™"],
and the likelihood of neuronal death after a variety of potentially
lethal insults. Using fluorescence videomicroscopy and micro-
injected calcium indicators, we measured [Ca®™]; in cultured
cortical neurons during intense activation with either NMDA
(300 um) or AMPA (450 wm). At these concentrations NMDA
killed >80% of the cultured neurons by the next day, whereas
neuronal death from AMPA was <20%. Using the conventional
calcium indicator, fura-2/AM, we estimated [Ca®™]; elevations
to be ~300-400 nm during exposure to either glutamate ago-

nist. In contrast, indicators with lower affinity for calcium, ben-
zothiazole coumarin (BTC), and fura-2/dextran reported [Ca®™],
levels >5 um during lethal NMDA exposure, but [Ca?*]; levels
were <1.5 um during nonlethal activation of AMPA receptors or
voltage-gated calcium channels. Fura-2 reported [Ca®*]; re-
sponses during brief exposure to glutamate, NMDA, AMPA,
kainate, and elevated extracellular K between 0.5 and 1 um.
With the use of BTC, only NMDA and glutamate exposures
resulted in micromolar [Ca®"], levels. Neurotoxic glutamate
receptor activation is associated with sustained, micromolar
[Ca2*]; elevation. The widely used calcium indicator fura-2
selectively underestimates [Ca®"];, depending on the route of
entry, even at levels that appear to be within its range of
detection.
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Neuronal injury in stroke or trauma may be mediated by excessive
stimulation of glutamate receptors (Rothman and Olney, 1986;
Choi, 1992). Studies using primary neuronal culture systems have
shown that cultured neurons are selectively vulnerable to brief
applications of glutamate (Rothman, 1985; Choi et al., 1987) or to
selective agonists of the NMDA class of glutamate receptors
(Rothman, 1985; Choi et al., 1988; Hartley and Choi, 1989). In
contrast, prolonged activation of the AMPA or kainate receptors
is required to produce neurotoxicity (Koh et al., 1990).
Schanne and colleagues (1979) originally described the depen-
dence of extracellular calcium in hepatocyte toxicity, which pro-
vided a potential mechanism for neuronal toxicity with the sub-
sequent discovery that glutamate receptor activation produced
neuronal calcium influx (Connor et al., 1987, 1988; Murphy et al.,
1987). Additional studies by other investigators led to the hypoth-
esis that calcium entry was responsible for excitotoxic neuronal
injury (Choi, 1987) (for review, see Dubinsky, 1993a). A corre-
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lation between intracellular calcium levels and glutamate toxicity
was suggested by the dependence of the latter on extracellular
calcium (Choi, 1987; Rothman et al., 1987). Studies with radio-
active **Ca?* isotope demonstrated substantial calcium entry
during toxic NMDA receptor activation but much lower **Ca**
influx during nonlethal AMPA treatment (Marcoux et al., 1988;
Hartley et al., 1993; Eimerl and Schramm, 1994; Lu et al., 1996).
The study by Hartley and coworkers (1993) suggested that a direct
relationship existed between calcium accumulation and subse-
quent death in neurons exposed to NMDA. Although previous
studies using fluorescent intracellular calcium indicators have
noted that lethal excitotoxic insults may be followed by prolonged
or delayed [Ca?*]; elevation (Ogura et al., 1988; de Erausquin et
al., 1990; Randall and Thayer, 1992; Dubinsky, 1993b; Tymianski
et al., 1993a; Limbrick et al., 1995), such indicators have failed to
demonstrate a consistent difference between intracellular free
calcium concentration ([Ca®"];) in cells during lethal and nonle-
thal challenges (de Erausquin et al., 1990; Michaels and Roth-
man, 1990; Tymianski et al., 1993a).

One potential interpretation of these results is that there is not
a direct relationship between the magnitude of acute [Ca?*];
elevation and the extent of subsequent neuronal death. Another
possibility is that current methods of [Ca®*]; measurement fail to
distinguish toxic levels of [Ca?*];. In the present study we exam-
ine the hypothesis that conventional, high-affinity calcium indica-
tors (e.g., fura-2) are unable to measure accurately the [Ca®*]; in
the micromolar range and therefore fail to detect differences in
[Ca?"]; between lethal and nonlethal excitotoxic exposures. We
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used fura-2/AM ester, fura-2/K™* salt, fura-2/dextran, or a ben-
zothiazole coumarin-based indicator, BTC, to determine [Ca®"];
in neurons subjected to lethal and nonlethal challenges. The low
affinity of BTC for calcium (Kp ~7-26 uM) allows detection of
[Ca*"]; in the micromolar range (Iatridou et al., 1994; Zhao et
al., 1996).

Some of the information in this paper has been published in
abstract form (Hyrc et al., 1996, 1997).

MATERIALS AND METHODS

Neuronal cultures. We used dissociated neocortical neurons prepared
from brains of embryonic Swiss—Webster mice at gestational days 15-16
(Rose et al., 1993). Gravid mice were anesthetized with halothane, and
the uteri were removed under sterile conditions. After the embryo brains
were removed, the neocortices were digested with trypsin (0.9%) and
separated into a single-cell suspension by mechanical trituration through
Pasteur pipettes. Cells were plated (0.5 hemisphere per dish) onto
glass-bottom 35 mm dishes (Mattek, Ashland, MA) previously coated
with a mixture of poly-D-lysine (0.5 mg/ml) and laminin (4 pg/ml). The
culture medium consisted of Eagle’s Minimal Essential Medium contain-
ing 25 mMm glucose, 2 mM glutamine, 5% fetal bovine serum, and 5%
horse serum. After 8 d in vitro, the proliferation of non-neuronal cells was
inhibited by the addition of 10 uM cytosine arabinoside. Cultures were
fed twice weekly and were used 14-17 d after plating.

Excitotoxin exposure. Cells were exposed to elevated KCI1 (50 mm) or
to glutamate receptor agonists (300 um NMDA or glutamate; 450 um
AMPA or kainate) at room temperature in a HEPES- and bicarbonate-
buffered salt solution (HBBSS) containing (in mm): 116 NaCl, 5.4 KCl,
1.8 CaCl,, 0.8 MgSO,, 1 NaH,PO,, 25 NaHCO;, 12 HEPES, and 5.5
D-glucose, pH 7.45 = 0.2. Bicarbonate was included in the experimental
solution to minimize glutamate receptor-mediated intracellular acidifi-
cation (Canzoniero et al., 1996). The NMDA receptor antagonist MK-
801 (10 uM) was included in all treatments except NMDA and glutamate
to prevent secondary activation of NMDA receptors. For toxicity assess-
ment, cultures subjected to experimental treatments were washed with
HBBSS containing 10 uM MK-801 and returned to the incubator. Neu-
ronal survival was determined 20-28 hr later by 0.4% trypan blue
exclusion. The fraction of trypan blue-positive neurons in each culture
dish was calculated in 5-10 random fields containing 20-50 neurons.

Calcium indicators. Cytosolic calcium determination was performed
with fluorescent calcium indicators: fura-2/AM ester, fura-2/K™ salt,
fura-2 coupled to dextran [fura-2/dextran; molecular weight (MW)
3000], and benzothiazole coumarin (BTC) (Iatridou et al., 1994; Konishi
and Watanabe, 1995). All indicators were purchased from Molecular
Probes (Eugene, OR).

Fura-2/AM (6 uM) was bath-loaded into neurons for 30 min in the
presence of 0.12% of Pluronic 127, followed by another 30 min incuba-
tion at 37°C to allow for hydrolysis of the AM ester. All of the other
indicators were loaded into the neurons by transient application of patch
micropipettes in whole-cell recording configuration. We used 2-6 M
micropipettes fabricated from 1.2 mm outer diameter, thin-wall glass
tubing (World Precision Instruments, Sarasota, FL), using a two-stage
microelectrode puller (Sutter P-87, Sutter Instrument, Novato, CA). The
tip of the micropipette was backfilled by capillary action with 500 uM
calcium indicator dissolved in an intracellular solution. This solution
contained (in mm): 115 K* gluconate, 20 KC1, 10 HEPES, and 2
Mg-ATP, pH 7.4; the remainder of the micropipette was filled with
intracellular solution alone.

We used a standard bridge amplifier (M707, World Precision Instru-
ments) for monitoring resting membrane potential in the whole-cell
configuration (Hamill et al., 1981). The neuron was filled with indicator
for 60 sec by diffusion, after which the micropipette was withdrawn
carefully. All neurons were incubated for 30 min at room temperature
after pipette removal, and only those that maintained their preinjection
morphology and retained dye were used for [Ca?*]; imaging (n = 289
neurons of 599 attempts, for an approximate success rate of 48%). In our
hands, cultured cortical neurons tolerated indicator injection better with
patch micropipettes than with high-impedance microelectrodes. In pre-
liminary experiments the loading conditions were selected to provide
comparable fluorescence intensity to that of bath-loaded fura-2/AM,
using rapid diffusion (60 sec) and the smallest micropipette indicator
concentration (500 uM). Previous studies indicate that the intracellular
concentration of indicator is actually much lower than that of the pipette,

Hyrc et al. » Detection of Toxic Ca?" by Low-Affinity Indicators

because considerably longer periods generally are required for dye equil-
ibration from patch pipettes (Pusch and Neher, 1988; Sala and
Hernandez-Cruz, 1990).

Calcium imaging. Calcium measurements were performed with stan-
dard ratio imaging techniques (Grynkiewicz et al., 1985). Indicator-filled
neurons were imaged on an inverted microscope (Nikon Diaphot, Nikon,
Melville, NY), using a 40X, 1.3 numerical aperture (NA) fluorite oil
immersion objective (Nikon) and an intensified charge-coupled device
(ICCD) camera (Hamamatsu Photonics, Oak Brook, IL) operating at
moderate gain (typical settings 0.5-3). A 75 W xenon arc lamp was used
to provide fluorescence excitation. Ratio images were obtained by ac-
quiring pairs of images at alternate excitation wavelengths (340/380 nm
for fura-2 and 400/485 nm for BTC) and filtering the emission at 530 nm.
Image acquisition and processing were controlled by a personal com-
puter connected to the camera and filter wheel (MetaFluor, Universal
Imaging Corporation, West Chester, PA). Image pairs were captured and
digitized every 10 sec, and the images at individual wavelengths were
averaged over four frames. We corrected for background fluorescence by
imaging a field lacking an injected neuron and subtracting the paired
images from the images of the indicator-loaded neuron.

We calculated actual [Ca®"]; in regions of interest in individual
neurons with the formula:

[Ca2+]i = KD B(R - Rmin)/(Rmax - R)y

where Kp, is the indicator’s dissociation constant for Ca>*; R is ratio of
fluorescence intensity at two different wavelengths (340/380 nm for
fura-2 and 400/485 nm for BTC); R, and R,;, are the ratios at
saturating Ca>" and zero Ca>", respectively; and B is the ratio of the
fluorescence intensity of the second excitation wavelength at zero and
saturating Ca®* (Grynkiewicz et al., 1985). R.in, Rumax, and B for all
indicators were determined for our system by imaging large droplets (100
wul) evenly filling the microscopic field that contained 0 and 39.6 um Ca>*
and 25 uM fura-2/K ™" or fura-2/dextran (Calcium Calibration Buffer Kit
I with magnesium, Molecular Probes). R, for BTC was determined
with a 1 mm Ca?* standard solution (Molecular Probes). The concen-
tration of indicators in the calibration solution was selected to provide
similar fluorescence intensity to that of dye-loaded neurons.

Spectrofluorimetric indicator calibration. We determined the Ky, values
of the indicators used in this study with a spectrofluorimeter (Perkin-
Elmer LS 50, Perkin-Elmer, Norwalk, CT). We recorded the spectra of
the indicator solution (2-5 uM) in calibrating buffers containing (in mm):
100 KC1, 1 Mg?*, and 10 MOPS, with [Ca?*] ranging from 0 to 39 um
(Calcium Calibration Buffer Kit I with Mg?*, Molecular Probes). The
spectra were excited over the range 320—400 nm for fura-2 and fura-2/
dextran and 380-500 nm for BTC. Emission was detected at 525 nm, and
excitation slits were set at 6-10 nm. All calibrations were done at room
temperature.

The increasing calcium concentrations were obtained by cross-diluting
10 mm EGTA and 10 mm CaEGTA solutions, using the protocol pro-
vided by Molecular Probes. Free calcium concentrations were calculated
from the equation: [Ca®*] = Kp, - [CaEGTA]/[EGTA]. Buffers contain-
ing more than the 40 uM [Ca®"] necessary to saturate BTC were
prepared by adding aliquots of 10 mm CacCl, stock solution to 10 mm
CaEGTA solution. Subsequently, free calcium concentration was calcu-
lated with the method described by Tsien and Pozzan (1989). The pH of
calibration buffers was adjusted to 7.2, and the dissociation constants of
EGTA for Ca®" and Mg“" used in the calculations were assumed to be
150.5 nm and 19.7 mm, respectively (Tsien and Pozzan, 1989).

The indicator Kpvalues were determined from the spectra by first
calculating the ratios of indicator emission intensities over a range of
[Ca®*] at appropriate excitation wavelengths (340/380 for fura-2 and
fura-2/dextran and 400/485 nm for BTC). We used the basic equation
relating ratio (R), Kp, F, and [Ca®"]: [Ca®"] = Kp B(R — Ruin )/(Rimax
— R) and regressed log [Ca?"] against log B(R — Ruin)/(Rmax — R) tO
obtain each Ky, (Grynkiewicz et al., 1985).

We observed a Ky, value for fura-2 (0.24 um; Fig. 1), which was close
to the previously published value of 0.22 um (Grynkiewicz et al., 1985).
Our K, for BTC (15.2 uMm; Fig. 1) lies between the values reported by
Iatridou et al. (1994) (7 uM) and Zhao et al. (1996) (26 uM). Because the
K, of fura-2/dextran varies between lots, there are no available data to
compare with our estimate of 0.94 um (Fig. 1) (Haugland, 1995). We
used these Kp, values to convert ratio values to estimated [Ca>"]; in all
subsequent experiments.

Confocal microscopy. Optical sectioning through BTC-filled neurons
under resting conditions was performed with a Noran Odyssey laser
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Figure 1. Ca?" dissociation constants for fura-2, fura-2/dextran (MW
3000), and BTC. Spectrofluorimetric calibration curves were obtained for
each indicator at 5.0 uM in buffered solutions over an appropriate range
of calcium concentrations. The data shown are averages of three calibra-
tion experiments performed for each indicator (mean = SD). To facilitate
comparisons, the x-intercept and corresponding log[Ca?"] for each indi-
cator are shown as dashed and dotted lines, respectively. Calculated K,
values are as follows: fura-2 (@), 0.24 = 0.04 uMm; fura-2/dextran (O),
0.94 = 0.25 uM; BTC (A), 15.2 = 0.12 puMm.

scanning confocal microscope (Noran Instruments, Middleton, WI) cou-
pled to an inverted microscope (Nikon Diaphot), using a 60X, 1.2 NA
water immersion objective lens (Nikon). BTC was illuminated with 488
nm excitation light. Frame-averaged (32 frames) images were collected at
0.5 um axial intervals with a confocal slit aperture of 25 um. Images were
saved to computer hard disk, and computer reconstruction was per-
formed with the Metamorph image analysis system (Universal Imaging).
A differential interference contrast (DIC) image of the neuron was
collected by a transmitted light diode detector with DIC optics and 488
nm laser illumination.

Statistics. Comparisons between two groups used an unpaired Stu-
dent’s ¢ test (SigmaPlot, Jandel Scientific, SPSS, Chicago, IL).

RESULTS

When cortical cultures at 1418 d in vitro were exposed to 300 um
NMDA for 20 min, there was widespread neuronal death by the
next day, whereas the application of 450 um AMPA produced
little neuronal loss (Fig. 2, inset). Despite this difference in tox-
icity, the [Ca?"]; elevation, measured by conventional fura-2/AM
ratiometric imaging, was similar in response to NMDA or
AMPA, reaching 300—400 nm (Fig. 2, Table 1). These results are
similar to previous reports from our own and other laboratories
(Ogura et al.,, 1988; de Erausquin et al., 1990; Michaels and
Rothman, 1990; Dubinsky and Rothman, 1991; Tymianski et al.,
1993b; Lu et al., 1996).

One interpretation of these findings is that NMDA and AMPA
elevate [Ca**]; to similar, submicromolar levels. Because the
[Ca?"]; values of 300—400 nm are well below the theoretical limit
of fura-2/AM detection, ~1-2 umM, we would not anticipate a
problem of indicator saturation. However, previous reports on
calcium permeability of NMDA receptors suggest that it is un-
likely that calcium entry is similar after NMDA and AMPA
receptor activation (Mayer and Westbrook, 1987; Goldberg and
Choi, 1993; Hartley et al., 1993; Eimerl and Schramm, 1994).
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Figure 2. [Ca®7); levels measured using fura-2/AM do not differ during
nontoxic AMPA and toxic NMDA exposures. Cultured cortical neurons
were loaded by incubation with 6 uM fura-2/AM, and neuronal [Ca?*);
was determined by fluorescence ratio imaging as described (see Materials
and Methods) in neurons exposed to 300 um NMDA (with 10 uM glycine)
or 450 um AMPA (with 10 um MK-801 to prevent NMDA receptor
activation). Values represent mean (= SE) [Ca?*]; derived from 15-20
bath-loaded neurons in each of four to six dishes. Inset, Cultures were
exposed for 20 min either to 300 uM NMDA (with 10 uM glycine) or to
450 um AMPA (with 10 um MK-801 to prevent NMDA receptor activa-
tion). After treatment, cells were washed with HBBSS with 10 um MK-
801 and returned to the incubator. Cell viability was assessed after 20-28
hr by trypan blue exclusion. Values represent mean (= SD) percentage of
nonviable neurons counted in 5-10 random fields in 10-15 dishes.

Rather, we examined the possibility that the method of ratio
imaging that used fura-2/AM might be under-reporting [Ca*"];.
There are several factors that might complicate the measurement
of [Ca?"]; with fura-2/AM. These include the high affinity of
fura-2 for calcium, incomplete hydrolysis of the acetoxymethyl
ester, compartmentalization of fura-2/AM into organelles, and
the contribution of fluorescence signal from underlying glial cells
(Tsien, 1988; Roe et al., 1990; Kao, 1994). Unesterified molecules
exhibit the spectral properties of unbound (i.e., calcium-free)
fura-2 and result in underestimation of [Ca®*]. A significant
indicator sequestration into calcium-insensitive compartments or
the collection of fura-2 fluorescence from underlying glia also
would affect the quantitation of [Ca®"];, because in these cases
fluorescence is collected from dye molecules that are not located
in the intraneuronal cytosolic compartment. Dye quenching with
Mn?" jons (2-5 mm Mn?" with 50 uM ionomycin) or cell mem-
brane lysis with 10 uM digitonin reduced fura-2 fluorescence to
~10-20% of that of resting levels (data not shown), suggesting
that a small proportion of the fura-2 was present in unesterified or
compartmentalized forms, respectively. Signals from the glial
monolayer may play a larger role in underestimating NMDA-
induced [Ca?"]; elevation.

To avoid these problems, we repeated the NMDA and AMPA
exposures after individual neurons had been loaded by transient
patch electrode application with the potassium salt of fura-2
(fura-2/K ™). Neuronal recovery after fura-2/K™ delivery via the
patch pipette application was robust, as indicated by a healthy
appearance under differential interference contrast imaging, uni-
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Figure 3. [Ca®"]; measured by microinjected fura-2. Single neurons
were filled with 500 uM fura-2 by transient patch micropipette application
and exposed to AMPA or NMDA, as in Figure 2. Values represent mean
+ SE [Ca?*); from four to six neurons.

form labeling of cytoplasm and processes, and typical low calcium
at baseline. The [Ca**]; response in individual neurons loaded
with fura-2/K* and exposed to NMDA and AMPA was different
from the [Ca?"]; response of neurons bath-loaded with fura-2/
AM. First, the peak [Ca*"]; observed for both NMDA and
AMPA was higher, ranging from 0.4 to 1 um (Fig. 3). Second,
NMDA produced a prolonged [Ca?*]; elevation that remained at
1 uMm, whereas AMPA elicited a transient [Ca®"]; elevation,
approaching 1 um, followed by a rapid return to nMm values. The
peak [Ca?"]; levels were not statistically different, although the
integrated calcium load was significantly greater for NMDA (Ta-
ble 2). Although this measure of [Ca®"]; correlated better with
neuronal loss when fura-2/K™ was injected directly into the
neurons, the absolute difference in [Ca®"]; levels triggered by
NMDA and AMPA was not very large (Table 2).

Although differences in calcium buffering (Sala and
Hernandez-Cruz, 1990; Connor, 1993) potentially could contrib-
ute to differences in [Ca?"]; measurements with fura-2/AM and
injected fura-2, this does not seem likely to contribute to the
present results. Despite the apparent difference in loading condi-
tions (30 min incubation with 6 um fura-2/AM vs 60 sec diffusion
with 500 um fura-2/K ™), the fluorescence intensities of injected
and bath-loaded cells were similar, indicating that the intracellu-
lar dye concentrations and, consequently, distortions because of
calcium buffering were comparable. Comparison of the fluores-
cence intensity of fura-2 injected cells and fura-2 in 20 um
microslides suggested that the actual dye concentration in in-
jected cells was on the order of 25 uM, less than the amount
predicted to cause significant buffering effect (Sala and
Hernandez-Cruz, 1990).

We were concerned that the high affinity of fura-2 for calcium
(Kp ~0.22 pM) might preclude an accurate estimate of [Ca®"];
exceeding 1 um. Therefore, we repeated the NMDA and AMPA
exposures in individual neurons loaded with BTC, which has a K,
for calcium of ~15 uM (see Materials and Methods). In contrast to
either form of fura-2, BTC revealed a large difference in the
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Figure 4. [Ca*"]; measured by microinjected BTC. Single neurons were
filled with the low-affinity calcium indicator BTC (500 um; K, = 15 uM)
and exposed to AMPA or NMDA, as in Figure 2. Values represent mean
= SE [Ca?"]; from four to six neurons. BTC reveals large differences
between NMDA- and AMPA-induced [Ca?"]; elevation.

[Ca?™"]; response to NMDA and AMPA treatment (Fig. 4). After
NMDA exposure, BTC reported a rapid increase in [Ca®*]; to
5-10 uM, whereas AM PA exposure produced a transient elevation
not exceeding 3 uM, which decreased to <0.5 uM within 5 min (Fig.
4). Toxic NMDA receptor activation provoked peak [Ca®"]; at
least 2.5-fold greater than that of AMPA receptor activation (Ta-
ble 1). This difference was magnified when [Ca*"]; was integrated
for the 20 min exposure period (Table 2). The integrated response
to AMPA application was similar with fura-2/K™ and BTC mea-
surement, 9.1 versus 11.3 uM/min, respectively (not significant;
Table 2). We used confocal microscopy to ensure that the BTC
results did not reflect localized distribution of the novel indicator.
Confocal optical sections through BTC-filled neurons revealed a
relatively homogeneous distribution of BTC fluorescence, with
minimal indicator compartmentalization (Fig. 5).

We also have compared [Ca®*]; responses to NMDA and
AMPA with two other low-affinity indicators, mag-fura-2 and
Calcium Green-5N. The changes in mag-fura-2 ratio values or
Calcium Green-5N intensity values were much greater after ex-
posure to NMDA than AMPA (data not shown), consistent with
the BTC result. We did not use these indicators extensively,
because quantification of [Ca"]; can be problematic with both.
Intracellular ionized magnesium contaminates the mag-fura-2
signal, and calibration of single excitation indicators like Calcium
Green-5N is difficult (Brocard et al., 1993; Rajdev and Reynolds,
1993; Stout et al., 1996). BTC ratio values are not affected
significantly by alterations in [Mg2*] in the 0-10 mm range
(Iatridou et al., 1994; Hyrc et al., 1997).

To determine whether the differential reporting of [Ca>*]; by
fura-2 and BTC was the result of differences in intracellular
distribution, we filled neurons with fura-2 coupled to a dextran
(3000 MW; fura-2/dextran), which restricts the distribution of the
indicator to the cytoplasm (Kao, 1994). Fura-2/dextran had an
intermediate affinity for calcium, K, 0.9 um (see Fig. 1). In
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response to NMDA or AMPA exposure, the difference in ratio
values reported by fura-2/dextran was substantially larger than
that of fura-2/K* (Fig. 6), and the [Ca®"]; levels after AMPA
exposure were similar to the levels reported by BTC. The peak
[Ca?*]; reported by fura-2/dextran was significantly higher after
NMDA exposure, reaching levels of 7 um, as compared with 2.5
uM with AMPA treatment (Table 1); this difference was substan-
tial at all time points (Fig. 6). Like BTC, fura-2/dextran reported
a highly significant difference in integrated [Ca®*); during
NMDA and AMPA exposure (Table 2).

We considered the possibility that fura-2 and BTC might pro-
vide distinctly different results only under conditions of lethal
NMDA receptor activation. Therefore, we examined [Ca®*];
during brief, nontoxic exposures to different excitatory amino
acids or elevated extracellular potassium. Two minute exposures
to 50 mm KCl, 450 uMm kainate, 450 um AMPA, 300 um gluta-
mate, or 300 uM NMDA produced little neuronal death after 1 d
(data not shown). With fura-2/K*, estimated [Ca®"]; reached
~0.5-1.0 uM in the second minute of exposure in all conditions
(Fig. 7A4) and did not differ significantly among conditions (Fig.
7C). With BTC as the calcium indicator, KC1, AMPA, or kainate
transiently elevated [Ca®*]; to 2 uM, with a return to nanomolar
levels within the 2 min (Fig. 7B). Glutamate and NMDA pro-
voked substantially higher, sustained [Ca®*]; elevations to 8 um
(Fig. 7B,C).

It is well recognized that fluorescent ion indicators provide
little information under saturating conditions in which virtually
all indicator molecules are already bound (in the case of fura-2,
[Ca?*); above 1-2 um). However, that situation did not seem to
apply in these experiments. When we applied the calcium iono-
phore ionomycin (50 uM) to fura-2/K *-injected neurons, [Ca®*];
rose to 2.5 uM, a concentration much higher than that produced
by NMDA or glutamate (Fig. 74). These results suggest that
fura-2 was not saturated fully during NMDA- or glutamate-
induced calcium influx.
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Figure 5. Cellular distribution of BTC
in an individual dye-filled cortical neu-
ron. Optical sections were taken at 0.5
um intervals, using a laser scanning con-
focal microscope. A, A through-focus
confocal image of BTC (green) over-
layed on the Nomarski image (scale bar,
15 um). B, The BTC fluorescence data
(xz cross section) are shown in the upper
right, with the indicated xy planes shown
below (scale for these images is 12 um).
BTC appears uniformly distributed
throughout the neuronal cytoplasm.
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Figure 6. [Ca®"); levels measured with fura-2/dextran. Neurons were
filled with fura-2 conjugated to 3000 MW dextran (500 um; K, = 0.94
uM) and exposed to NMDA or AMPA as in Figure 2. Values represent
mean = SE [Ca?*]; from four to six neurons.

DISCUSSION

The role of [Ca®"]; in excitotoxic neuronal death has been a topic
of considerable debate, primarily because of conflicting evidence
obtained by different methods of [Ca®"]; measurement. A lack of
correlation between the magnitude of early [Ca**]; elevation and
subsequent excitotoxic death was noted by us originally and
confirmed by others (Michaels and Rothman, 1990; Dubinsky and
Rothman, 1991; Tymianski et al., 1993a,b; Lu et al., 1996). We
replicated our earlier observations in this paper: maximum
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Figure 7. Fura-2 and BTC report markedly different [Ca?*]; levels even
during sublethal exposure conditions. Neurons were exposed for 2 min to
50 mm KCl, 450 um kainate or AMPA, 300 uM glutamate or NMDA, or
50 uM ionomycin after microinjection with either fura-2 (4) or BTC (B).
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Table 1. Maximal [Ca®*]; (in um) observed during 20 min drug
treatment

450 uMm AMPA 300 uM NMDA  p*
Fura-2/AM 03 + 0.2°(4) 0.4 = 0.1 (3) p>026
Fura-2/K* 0.8 + 0.3 (7) 12+05(11) p = 0.065
BTC 2.8+ 1.4(6) 11.4 = 3.9 (6) p < 0.0005
Fura-2/dextran 2.5 + 0.2 (4) 6.8+ 0.5 (4) p < 0.005

“Student’s ¢ test; “mean * SD; “number of dishes.

Table 2. Total calcium load (in uMm * min) calculated as the integral of
calcium during 20 min drug treatment

450 um AMPA 300 uv NMDA  p*
Fura-2/AM 2.6 + 1.6° (4)° 50+ 1503) p>012
Fura-2/K* 9.1+27(7) 185 + 8.8 (11) p=0015
BTC 113 = 4.1 (6) 180+ 48 (6) p < 0.0001
Fura-2/dextran  23.5 = 4.2 (4) 108 =115 (4) p < 0.0001

aStudent’s ¢ test; “mean + SD; “number of dishes.

[Ca?"); (measured with fura-2/AM) was no higher during an
NMDA exposure that was ultimately lethal than during a nonle-
thal exposure to AMPA. These results stand in sharp contrast to
calcium flux experiments that report substantially greater **Ca®*
uptake during NMDA receptor activation (Marcoux et al., 1988;
Hartley et al., 1993; Eimerl and Schramm, 1994; Lu et al., 1996).
However, glutamate receptor activation can lead to marked ele-
vation of [Ca?"]; (MacDermott et al., 1986; Rajdev and Reyn-
olds, 1993), and biophysical investigations indicate much higher
calcium permeability of NMDA receptors (MacDermott et al.,
1986; Mayer and Westbrook, 1987; McBain and Mayer, 1994).
In view of this apparent discrepancy, we tested the hypothesis
that the choice of indicator is critically important in obtaining an
accurate estimate of [Ca®"];, When we switched from fura-2 to
lower-affinity indicators, the correlation between [Ca?™"]; rise and
neuronal death markedly improved. We found sustained micro-
molar levels of [Ca®"]; during toxic NMDA receptor activation,
whereas nonlethal perturbations (e.g., K™ depolarization,
AMPA, or kainate receptor activation), resulted in transient
[Ca?"]; elevations that rapidly returned to nanomolar levels.
There are several reasons why our older [Ca*"]; determina-
tions with fura-2 failed to anticipate correctly the outcome of
excitotoxic paradigms. The usual method of indicator loading by
bath application of the acetoxymethyl ester (fura-2/AM) contrib-
uted to underestimation of the differences between AMPA- and
NMDA-induced [Ca?®"); elevation; this is apparent in the differ-
ent results obtained by using microinjected free indicator (fura-
2/K ") under identical exposure conditions (compare Figs. 2 and
3). By allowing active indicator to diffuse directly into neurons
through patch pipettes, we eliminated several potential problems
associated with the use of the acetoxymethyl ester form of fura-2

Each trace represents estimated [Ca>*]; from a single neuron. C, Mean *
SD [Ca?"]; elevation during the second minute of drug application in 4
or B. With the use of fura-2, measured [Ca®"]; increased to a similar level
for each treatment except ionomycin (4, C). In contrast, measurements
using BTC revealed a significant difference in [Ca>"]; among cells treated
with KCI, kainate or AMPA, and cells exposed to NMDA or glutamate
(B, C). In fura-2-filled neurons, ionomycin application elevated [Ca?*]; to
a significantly greater extent than other drug treatments (A4), suggesting
that fura-2 was not saturated in these experiments.
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(Tsien, 1988; Roe et al., 1990; Kao, 1994), including incomplete
deesterification, indicator compartmentalization, and contribut-
ing stray light from the underlying glial layer. Each of these
problems results in underestimation of peak [Ca?"]; because of
fluorescence signals from fura-2 molecules that are insensitive to
calcium (unesterified fura-2/AM) or that are not exposed to
neuron-specific changes in calcium (fura-2 in astrocytes or in
noncytosolic intracellular compartments).

Our results suggest that the most important limitations of
fura-2 in previous experiments stem from its high calcium affinity
(Kp ~0.22 uM). At micromolar calcium concentrations, almost all
of fura-2 is bound, and therefore it cannot distinguish accurately
the differences in [Ca®*]; (Tsien, 1988). Our observations using
two low-affinity indicators, BTC and fura-2/dextran, suggest that
AMPA-induced [Ca®*]; elevation is measured accurately by
fura-2 but that NMDA-induced [Ca®"]; elevation (7-12 uM,
Table 1) is considerably higher than this range. We believe these
results reflect a real difference in cytosolic calcium levels rather
than an artifact caused by the indicator or imaging properties. For
example, because in vitro calibration methods cannot reproduce
the exact intracellular milieu, it is possible that inaccurate deter-
mination of indicator Ky, artificially might elevate the estimated
[Ca*"];. However, these considerations are not likely to account
for the marked discrepancy between NMDA- and AMPA-
induced [Ca*"]; elevation, which should be affected to the same
extent by any errors in calibration. Independent of the calculated
[Ca?"];, the ratio changes with BTC and fura-2/dextran were
substantially larger during NMDA than AMPA exposure.

We specifically considered effects of magnesium and pH, be-
cause these are known to alter the properties of many calcium
indicators. The calcium affinity and excitation ratios of BTC are
not affected substantially by Mg?" in the millimolar range (Iat-
ridou et al., 1994; Hyrc et al., 1997). We avoided using two other
low-affinity ratiometric Ca®" indicators, mag-fura-2 and mag-
fura-5, because of their higher sensitivity to physiological levels of
magnesium (Brocard et al., 1993; Stout et al., 1996). Although
many calcium indicators are also sensitive to pH and glutamate
receptor activation lowers intracellular pH (Hartley and Dubin-
sky, 1993), alterations in pH; did not account for the large [Ca®*];
elevation observed with BTC during NMDA, but not AMPA,
application. In preliminary experiments with the fluorescent pH
indicator BCECF, NMDA and AMPA exposures reduced neu-
ronal pH; to a similar extent, pH ~6.7-6.8. Further, spectrofluo-
rimetric measurements with BTC indicate that acidic pH levels
would lead to moderate underestimation of [Ca*]; and that
actual calcium concentrations may be 30—40% higher than levels
estimated by assuming pH 7.2 (Hyrc et al., 1997).

Microinjected BTC has several desirable properties for future
studies requiring a low-affinity calcium indicator: it has a high
selectivity for calcium over magnesium and other divalent cations,
it provides ratiometric calcium determination, and it allows visible
wavelength excitation, avoiding the requirement for special UV-
transparent optics. Fura-2/dextran also demonstrates promising
features as a microinjectable indicator with cytosolic distribution
and intermediate calcium affinity. In preliminary experiments, bath
application of BTC by its acetoxymethyl ester (BTC/AM) provided
results qualitatively similar to those obtained with the use of
injected BTC. The quantitative analysis of these results is, how-
ever, subject to the same restrictions that apply to fura-2/AM and
is likely to yield underestimated [Ca®*]; (Hyrc et al., 1997).

Although affinity differences among indicators partially explain
the inability of earlier research with fura-2 and indo-1 to correlate
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reliably the [Ca®*]; and outcome in neurotoxicity experiments,
there are other factors that complicate this analysis. Our initial
observations with fura-2 suggested that calcium concentrations
after NMDA receptor activation did not reach micromolar levels
expected to saturate this indicator (e.g., Fig. 74). Indeed, iono-
mycin application doubled the [Ca®*]; levels reported by fura-
2/K™ (Fig. 74). Therefore, we were surprised to find much higher
[Ca?"]; reported with BTC and fura-2/dextran during NMDA
exposure, concentrations that should be more than sufficient to
saturate fura-2.

There are at least two possible reasons for this apparent par-
adox. First, discrepant results might be caused by differences in
indicator distribution, such that fura-2 is sequestered in calcium-
insensitive compartments or BTC in high calcium areas. However,
digitonin (10 um) treatment led to the loss of 85-95% of fluores-
cence of microinjected fura-2 and BTC, suggesting that both
indicators were confined primarily in the cytoplasm. Confocal
imaging of the distribution of BTC (Fig. 5) and of fura-2 (S. D.
Handran and R. S. Hotchkiss, unpublished results) confirmed
that neither indicator was compartmentalized substantially. Fur-
thermore, similar results were obtained with fura-2/dextran,
which is predicted to have a uniform cytosolic distribution. Sec-
ond, the results may be explained by a spatially heterogeneous
calcium distribution during NMDA receptor activation. Activa-
tion of calcium-permeable membrane channels elevates [Ca?*];
in microdomains, with [Ca?"]; reaching 50-100 um (Smith and
Augustine, 1988; Augustine and Neher, 1992; Llinas et al.,
1992a,b; Neher and Augustine, 1992; Petrozzino et al., 1995). All
high-affinity indicator molecules located within such microdo-
mains will be saturated rapidly, leaving a portion of the indicator
in other areas unbound. The fura-2 response to ionomycin, which
forms a calcium/proton shuttle (Nicholls and Ferguson, 1992),
could result in a higher reported [Ca®"]; if ionomycin globally
elevates [Ca®"];. Thus, fura-2 fails to measure [Ca*"]; accurately
when high calcium microdomains are present because a large
portion of the indicator pool is saturated. Although this may
occur with any calcium indicator, a low-affinity indicator such as
BTC is less likely to be saturated under the same conditions
(Petrozzino et al., 1995; Ito et al., 1997). Under our imaging
conditions we were unable to visualize such microdomains; a
histogram of the distribution of pixel ratio values within the cell
body during peak NMDA receptor activation did not support the
presence of two populations of [Ca?*]; (data not shown). There-
fore, any calcium heterogeneity occurred below the spatial and
temporal resolution of our imaging apparatus.

These results have immediate consequences for a large number
of experiments that use fura-2 and other high-affinity calcium
indicators. Many such experiments may be accurate qualitatively
but are unlikely to provide a correct determination of [Ca®"];
beyond the normal physiological range, ~50-500 nwm, if substan-
tial calcium microdomains are present. Importantly, our results
indicate that widely used high-affinity indicators, such as fura-2,
may selectively underestimate [Ca®"];, depending on the route of
calcium entry. This can occur under lethal or nonlethal conditions
and at calcium levels that appear to be well within the range of
accurate detection.

One clear message from the present experiments is that
[Ca®*]; can rise to concentrations reaching 5-10 uM during
excitotoxic exposures. Our results further establish that [Ca®™];
measurement with low-affinity indicators distinguishes the vul-
nerability of neurons in excitotoxicity paradigms. This result has
implications for investigators attempting to unravel the intracel-
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lular pathways that play an early role in triggering or propagating
the signals that ultimately are responsible for neuronal death. We
now may appreciate the possibility that catabolic enzymes and
modulators with relatively low affinity for calcium are activated in
these cascades.
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